Inductive interactions between different cell layers have an extremely important role in early embryogenesis. One of the most intensively studied and best characterised of these is the induction of neural tissue from ectodermal cells by the dorsal mesoderm. The competence of ectodermal cells to respond to neural induction varies according to dorsal-ventral position; with dorsal ectoderm (much of which forms the neural plate) having a far higher competence. Here we show that overexpression of the nucleotide exchange factor lfc increases ectodermal competence for neural induction as well as the amount of neural tissue in the whole embryo. Lfc is expressed pan ectodermally soon after gastrulation and may respond to an early determinant of dorsal ectoderm. q
Introduction
A number of important events during gastrulation of the vertebrate embryo involve inductive interactions between different cell types. One of the most extensively studied of these is neural induction, whereby ectodermal cells are induced to become neural plate cells by a signal from the dorsal mesoderm (reviewed by Streit and Stern, 1999) . A number of secreted proteins have been characterised that may function as neural inducers in vivo. Two of these, noggin (Smith and Harland, 1992; Lamb et al., 1993) and chordin (Sasai et al., 1994; Sasai et al., 1995) are unrelated in sequence but are both secreted from the organiser and both have been shown to mediate neural induction by antagonising BMP4 activity (Sasai et al., 1995; Zimmerman et al., 1996) . BMP4 is a TGF-b like molecule that antagonises dorsalising signals from the organiser and restricts ectodermal cells to an epidermal fate.
Not all ectodermal cells have the same ability (`competence') to respond to neural inducing factors. Competence is lost during gastrulation; ectoderm from early gastrula stage embryos is far more responsive than that from later stages. Along with this temporal restriction in competence, there is also a positional restriction such that dorsal ectoderm has a far higher competence than ventral ectoderm (Sharpe et al., 1987) .
In contrast to neural induction, very little is known about the molecular mechanism underlying neural competence. Several genes are known to become restricted to the dorsal ectoderm very early on in development and may function to confer competence, most notably the alpha isoform of protein kinase C (PKCa, Otte et al., 1992b) and the translation initiation factor eIF4AII (Morgan and Sargent, 1997) . Recently, it has been shown that ectopic expression of either of these genes in ectodermal explants does indeed increase neural competence, with the amount of NOGGIN protein required for neural induction being considerably reduced (Morgan and Sargent, 1997) .
The identi®cation of dorsal ectoderm speci®c factors might explain the increased competence of this tissue to respond to neural induction, but it does not explain how dorsal ectoderm comes to differentially express these genes. Here, we identify a novel gene, the Xenopus homologue of the mouse oncogene lfc, which encodes a guanine nucleotide exchange factor (GEF). Xlfc is expressed very early after the onset of zygotic expression and is con®ned to and expressed ubiquitously in the ectoderm. Over-expression increases neural competence and expands the neural plate in whole embryos. We propose that Xlfc responds to a diacyl glycerol (DAG) related ligand to establish neural competence in the dorsal ectoderm.
Results

Cloning and endogenous expression of Xlfc
During a screen for downstream targets of the Xenopus homeodomain containing gene Hoxb-4, we fortuitously cloned a cDNA that showed very high sequence identity (75%) with the mouse lfc gene (Whitehead et al., 1995) . Here, we refer to this Xenopus homologue of lfc as Xlfc.
The lfc gene encodes a novel type of GEF most closely related lbc, a member the CDC24 family of GEF proteins (Zheng et al., 1995) . The GEF homology domain (GEF-H) is¯anked on the C-terminal side by a pleckstrin homology (PH) domain, thought to be involved in the targeting of proteins to the cell membrane (Whitehead et al., 1995) . A third identi®able domain is present on the N-terminal side of the protein. This is a histidine-and cysteine-rich motif (a zinc butter¯y), previously identi®ed in a number of PKC isoforms as being required for the binding of DAG and related ligands (Ahmed et al., 1991; Kazanietz et al., 1994) .
We studied the expression of Xlfc in early development by in situ hybridisation ( Fig. 1 ) and northern blotting (not shown). Xlfc is not expressed before stage 9.5 (just before the start of gastrulation). By the onset of gastrulation (stage 10), it is expressed ubiquitously (Fig. 1A,B) and exclusively in the ectoderm (Fig. 1I) . Expression is maintained in all ectodermal cells throughout gastrulation and neurulation ( Fig. 1) although by the end of neurulation (stage 18) expression is signi®cantly greater in the developing neural tube (Fig. 1G,H) .
Xlfc expression is repressed by ectopic BMP-4 expression and increased by ectopic expression of noggin
The strong increase in Xlfc expression in the neural plate after gastrulation raises the question of whether it might be sensitive to neural induction. To address this question, we injected zygotes with BMP-4 or noggin RNA and examined Xlfc expression, subsequently, at the gastrula and neurula stages ( Fig. 2A) . Neither treatment had any apparent affect on the level of Xlfc prior to the end of gastrulation, but both had a pronounced affect when examined at the neurula stage. Speci®cally, whilst noggin (a neural inducer; Lamb et al., 1993) caused an elevated level of Xlfc expression, BMP-4 (that antagonises noggin and prevents neural induction; Sasai et al., 1995) had the opposite effect.
2.3. Ectopic overexpression of lfc in whole embryos increases the amount of neural tissue at the expense of epidermal and future neural crest cells In order to asses the possible role of lfc in early development, we ectopically overexpressed it in embryos by injecting lfc mRNA into zygotes. RNA was extracted from embryos at the late neurula stage (18) and the expression of various marker genes of different ectodermal lineages was assessed by RT-PCR (Fig. 2B) . As a control, we injected a truncated form of lfc (lfcD ). This lacks part of the PH domain and, unlike lfc, has no transforming activity when expressed in NIH 3T3 cells (Whitehead et al., 1995) .
Overexpression of lfc causes an increase in the expression of NCAM (Zorn and Krieg, 1992 ) and of nrp-1 (Richter et al., 1990; Knecht et al., 1995) , both of which are expressed exclusively in neural plate cells at the embryonic stages examined here. It also causes a signi®cant reduction in Xslu (Mayor et al., 1995) , expressed in those cells fated to form neural crest, and of the epidermal keratin (epiker) gene (Fig. 2B) . In contrast, lfcD has no apparent affect on the expression of any of these genes.
The up-regulation of NCAM by lfc indicates that it may act as a neural inducer. Alternatively though, it could act to increase the competence of ectoderm to respond to endogenous neural inducing molecules in the embryo. In order to try to determine whether the latter is possible, we looked to see if the PKCa is also up regulated by lfc (Fig. 2B) . PKCa seems to have a role in determining neural competence and is expressed at a very high level in the dorsal ectoderm (Otte et al., 1992b) . We also examined the expression of the PKCb isoform that does not have a dorsal-ventral bias in its ectodermal expression. As shown in Fig. 2B , PKCa is indeed up regulated by lfc over-expression, whilst PKCb is not. Again, lfcD had no affect on the expression of these genes.
These results suggest that the neural plate is expanded by ectopic lfc expression. In order to determine whether lfc also affects the antero-posterior patterning of the neural plate, we examined the expression of three genes that are expressed in distinct domains along the axis: En2, a homeodomain containing gene expressed in the cells of the midbrainhindbrain boundary (Brivanlou and Harland, 1989) , Hoxb1, expression of which is con®ned to the fourth rhombomere of the hindbrain and Hox-b9 that is expressed exclusively in the spinal cord (Godsave et al., 1994) . None of these genes were affected by ectopic overexpression of lfc (Fig. 2B) . 
Lfc increases the competence of ectodermal cells to respond to neural induction, but is not itself a neural inducer
In order to distinguish between the possibility that lfc is a neural inducer or increases neural competence, we overexpressed lfc in animal caps. These are explants of naive ectodermal tissue from blastula stage embryos that follow an epidermal fate if left untreated.
Zygotes were injected with lfc or lfcD mRNA as above, either alone or with the addition of noggin mRNA. The latter diverts ectodermal cells to a neural fate (Lamb et al., 1993) . Caps taken from embryos injected with 500 pg of noggin RNA (a`high dose') show an elevated level of NCAM and nrp-1 expression and a reduced level of epiker expression (Fig. 3) , indicating that they have indeed been diverted to a neural fate. However, when only 10 pg of noggin RNA are injected (a`low dose'), there is no apparent induction of NCAM or nrp-1 expression (Fig. 3) . Lfc also fails to induce NCAM or nrp-1, but we note that it does result in an elevation of the amount of PKCa (Fig. 3) . Furthermore, when lfc RNA is co-injected with 10 pg of noggin RNA there is a very signi®cant induction of both NCAM and nrp-1.
Although noggin can divert ectoderm to a neural fate, it results in neural tissue that is anterior in character (although principally unpatterned; Lamb et al., 1993) . To see whether lfc in conjunction with noggin could induce the expression of posterior genes, we examined the expression of three genes that are normally expressed in the posterior neural plate. These are en2 (midbrain±hindbrain border; Brivanlou and Harland, 1989) , Hox-b1 (hindbrain, Godsave et al., 1994) and Hox-b9 (spinal cord, Godsave et al., 1994) . Non of these genes were induced by noggin alone or in combination with lfc (Fig. 3) . LfcD has no affect on the expression of the genes studied here, either alone or in combination with noggin (Fig. 3) .
Discussion
Lfc has a potential role in the determination of neural competence
Here, we describe the cloning, expression and the effect of overexpression of the Xenopus lfc gene. Xlfc is expressed pan-ectodermally from the late blastula stage onwards although its relative level of expression increases in the neural plate during neurulation. Its overexpression in the whole embryo leads to a hyper-induction of neural tissue at the expense of presumptive neural crest and epidermis.
Overexpression of lfc in naive ectoderm does not actually cause neural induction. It does, however, greatly increase the sensitivity of this tissue to neural inducers (e.g. noggin). Thus, lfc increases the competence of ectoderm to respond to neural induction.
Although this study establishes lfc as a mediator of the increased competence of dorsal ectoderm, it does not demonstrate that it ®lls this role in vivo. Its early expression in the embryo makes this a possibility though. Xlfc is expressed before the onset of gastrulation when ectodermal cells are induced to form the neural plate, and is present throughout the ectoderm at this time. Other genes implicated in the competence of dorsal ectoderm, such as PKCa (Otte et al., 1992b) , eIF4AII (Morgan and Sargent, 1997) and the trimeric G-protein a-s subunit (Ga-s, Otte et al., 1992a) , are all localised to these cells during gastrulation. If lfc is involved in specifying dorsal competence, then it must have different levels of activity ventrally and dorsally. It is possible that this is achieved by the binding of a dorsally concentrated ligand. Lfc has a`zinc butter¯y' domain similar to that in some isoforms of PKC (Whitehead et al., 1995) . In the case of PKC, DAG binding to this region activates the kinase; similarly a related ligand could activate lfc. We note also that, like a number of PKC isoforms, lfc is targeted to the cell membrane by a PH domain (Whitehead et al., 1995) .
How does lfc mediate neural competence?
The precise molecular mechanism by which lfc (or indeed PKCa, eIF4AII and Ga -s) increase neural competence is unknown. Overexpression of lfc elevates the expression of PKCa, and this may in part account for its observed activity. Previous studies have established that lfc shows GEF activity toward the Rho GTP-binding protein (Glaven et al., Fig. 3 . Lfc increases the competence of ectodermal explants to respond to neural induction. RT-PCR analysis of caps taken from embryos injected with 500 pg lfc RNA, 500 pg lfcD RNA, 10 pg noggin RNA (nogL), 500 pg noggin RNA (nogH) or a combination, as shown. NIC, non-injected control. WE, whole embryos at the late neurula stage. ef1a is included as a loading control. 1996, 1999) . This, in turn, activates c-jun kinase (JNK) and phosphorylation of c-jun by JNK greatly increases its transcriptional activity. Notably, some PKC isoforms can also enhance c-jun activity (Boyle et al., 1991) .
It is not known whether c-jun has a role in neural competence or induction. However, the wnt signaling pathway, which functions independently of both PKC and guanine binding proteins, also up regulates c-jun activity. In this case, the activity is enhanced by inhibiting glycogen synthase kinase 3b (GSK3b), an enzyme that phosphorylates c-jun at sites which negatively regulate its activity (Plyte et al., 1992) . GSK3b function is inhibited by the binding of wnt ligand to its receptor or by a dominant negative form of the enzyme (Dominguez et al., 1995; He et al., 1995) . Importantly, ectopic expression of this dominant negative form in naive ectoderm cells causes neural induction (Dominguez et al., 1995) .
Future studies will address the role of c-jun in the processes that underlie neural induction. This, in turn, may provide a rational basis to the diverse range of molecules apparently involved in the determination of neural competence.
Later functions of lfc
Later in development, after the identity of the neural plate, neural crest and epidermal cells are established, Xlfc is strongly expressed in the neural tube (Fig. 1G,H) . Many of the cells in this structure undergo a complicated series of changes in shell shape that results in them converging in towards the midline. This process results in the extension of the neural tube along the antero-posterior axis (convergence extension; Keller, 1991) . The molecular basis of these changes in cell shape is unknown, but is almost certain to involve a re-organisation of the actin cytoskeleton. Recent studies have revealed that lfc can bind microtubules and mediate actin cytoskeleton changes (Glaven et al., 1999) , it is possible then that Xlfc may have a role in convergence extension.
Another possible function of lfc in the early nervous system is suggested by a recent report that JNK is required for regionally speci®c apoptosis in brain development (Kuan et al., 1999) . Speci®cally, JNK activity is required for apoptosis on the lateral edges of the hindbrain and also it seems, to prevent precious cell death in the forebrain. We hope that conditionally active derivatives of lfc will enable us to study its function at these later stages of Xenopus development.
Materials and methods
Embryos, explants and overexpression studies
In vitro fertilisation, embryo culture, staging, microinjection and culture of explants were carried out as previously described (Pannese et al., 1995) . Capped RNA transcripts of lfc, lfcD and noggin were prepared using the Ambion in vitro transcription kit (Ambion, USA).
Constructs
A partial cDNA of Xlfc, corresponding to amino acids 72±165 of the mouse lfc gene, was cloned into CS21. Its sequence has been deposited in the GenBank database (accession number AF159239). For antisense transcripts the plasmid was linearised with EcoRI and transcribed with SP6 polymerase.
Murine lfc in pBKS (a kind gift of R. Kay; see Whitehead et al., 1995) was modi®ed for expression in Xenopus by inserting the SV40 late polyadenylation site-3 H to the lfc gene. This SV40 site is present in the CS21 expression vector from which it was PCR ampli®ed and ligated into the SalI/SacI cut pBKS/lfc clone. The resulting expression construct is referred to as pBKSlfc-SV40. For sense RNA (used in overexpression studies), pBKSlfc-SV40 was linearised with SacI and transcribed with T3 RNA polymerase.
Murine lfc lacking the PH domain (equivalent to clone D2 in Whitehead et al., 1995) was derived from pBKSlfc-SV40 by making a BamHI deletion. This removes the entire PH domain (amino acids 450±573). The resulting construct is referred to as pBKSlfcD -SV40. For sense lfcD RNA, pBKSlfcD -SV40 was linearised with SacI and transcribed with T3 polymerase.
